The Equation of Electrical Propagation 


HE Semicentennial 

celebration of the 

American Institute of 
Electrical Engineers is a 
fitting occasion for a review 
of the many advances which 
during the last 50 years 
have been achieved in the 
science and in the art of 
electrical engineering. This 
art, like every art, is long 
and it will take many a 
skilled electrical engineer- 
ing artist to draw a picture 
that will display adequately 
these advances in the elec- 
trical engineering art. I 
am not one of these artists; 
I am only an amateur of 
this art. Hence, my brief 
story will confine itself to 
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Members of the Institute always have been 
interested primarily in those parts of elec- 
trical science that concern the motion of 
electricity inconductors. Although Kirch- 
hoff and Maxwell formulated the equa- 
tions of electrical propagation more than 
30 years before the founding of the 
A.\.E.E., it remained for the period co- 
inciding with the life of the Institute for 
the full meaning of their theoretical 
achievements to be demonstrated. It 
seems particularly appropriate, therefore, 
that on the Institute's 50th anniversary these 
achievements should be reviewed by one 
who has had such a large part in applying 
them and in extending them to long dis- 
tance telephonic transmission. 


fluxes in any part of space 
means that electromagnetic 
energy is moving from one 
part of space to another, 
along the paths mapped 
out through space by the 
fundamental laws just 
quoted. Maxwell’s equa- 
tion of electromagnetic 
energy propagation shows 
the way of these paths; 
but the full meaning of 
Maxwell’s equation of 
energy propagation was not 
revealed to ordinary mor- 
tals until Hertz published 
the results of his classical 
experiments in 1888. At 
that time our Institute was 
only a youngster, barely 4 
years old; but since then 


a description of one only 
of the many advances on 
the purely scientific side 
of electrical engineering during the 
lifetime of our Institute. This ad- 
vance relates to the mathematical 
theory of electrical transmission for 
telegraphy and telephony. 

I cannot introduce my story better 
than by mentioning briefly the founda- 
tions that Faraday and Maxwell laid 
to the electrical engineering science. 
We all understand today the full 
meaning of the laws that Maxwell, sum- 
ming up the discoveries of Oersted, 
Ampere, and Faraday, formulated as 
follows; call them Maxwell’s laws: 


“The rate of variation of the magnetic flux through any area is 
proportional to the electromotive force generated by the varying 
flux along the boundary curve of that area. 


“The rate of variation of the electric flux through any area is 
proportional to the magnetomotive force generated by the varying 
flux along the boundary curve of that area. 


“Flux and force of the same type are proportional to each other in 
ideal insulators.”’ 


AN IMPORTANT CHAPTER IN ELECTRICAL HISTORY 


To the concepts electric and magnetic flux is con- 
nected one of the most important chapters in the 
history of electrical science. These concepts were 
born in the mind of great Faraday, and they were 
nursed and made strong by the genius of Faraday’s 
most distinguished pupil, Maxwell. According to 
these 2 prophets of science, electric and magnetic 
flux represent the electromagnetic energy of the elec- 
tromagnetic field. Where these fluxes are, there is 
electromagnetic energy; and the variation of the 
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the education of this 
youngster has grown almost 
as rapidly as the fame of 
Maxwell's electromagnetic theory which 
predicted the motion of the electro- 
magnetic energy through free space. 
The electrical engineer has today an 
incomparably deeper understanding of 
this motion than he had 50 years ago. 
The young radio art of today is his 
best interpreter of Faraday’s and 
Maxwell’s speedy energy flux. I 
shall now examine briefly the back- 
ground of the electrical theory that pre- 
ceded Maxwell. 

Our Institute is an institute of 
electrical engineers. Its members al- 
ways were interested primarily in those parts of the 
electrical science that concern the motion of electricity 
in conductors. Their interest in the motion of the 
electric and magnetic flux through free space and 
through insulators as predicted by Maxwell’s theory 
is of more recent date, and it was stimulated by the 
modern achievements of the radio art. It is fitting, 
therefore, that on the occasion of the semicentennial 
celebration of our Institute a word or 2 be said con- 
cerning the history of the achievements of that part 
of our science which during the last 50 years suc- 
ceeded in solving several of the theoretical problems 
of the motion of electricity in conductors, and thus 
inaugurated a great advance in the telegraphic 
industries. 


DISCOVERIES OF OHM AND JOULE 


One cannot look back to the earliest days of this 
history without seeing at the very first glance the 
illustrious names of Ohm and of Joule. The laws 
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discovered by them are the earliest disclosures of 
quantitative relations between electrical forces and 
electrical motions in conductors. The advancement 
of the electrical science since the discovery of these 
2 laws over 90 years ago suggests a more up-to-date 
terminology in their statement. It can be shown 
that a change in the terminology of the electrical 
theory was inaugurated by Maxwell nearly 80 
years ago. The principle of conservation of energy, 
still unknown in the days of Ohm and Joule, suggest 
the following more modern form of statement of 
Joule’s law: 


“The heat energy generated per unit of time by a constant current 
between 2 points on a linear conductor is equal to the product of the 
current into the electrical reaction of the conductor.”’ 


The term “electrical reaction” which appears in 
this statement was not known in Joule’s time. The 
word “reaction” is a familiar term in Newtonian 
dynamics. Electrical reaction is, of course, a force 
in the overcoming of which the current generates 
heat. Joule’s law makes this force equal to the 
product of current and resistance; call it resistance 
reaction. But Ohm’s law says that this resistance 
reaction is equal to the difference of potential between 
the 2 points on the linear conductor. This potential 
difference is the moving force, or, employing New- 
ton’s terminology, we can call it the electrical action; 
and then Ohm’s law can be stated in the following 
Newtonian form: 


“In a constant current between 2 points on a linear conductor the 
electrical action is equal to the electrical resistance reaction.” 


It is a small step, only, from this simple case of 
electrical motion studied by Ohm and Joule to the 
general case of any electrical motion in the simple 
circuit consisting of a linear conductor under the 
action of any electrical forces. The principle of 
conservation of energy makes it obvious that: 


“In every motion of electricity between 2 points on a linear con- 
ductor, the sum of electrical actions is equal to the sum of electrical 
reactions.” 


Call this the generalized form of Ohm’s law. The 
terminology it employs exhibits clearly the similarity 
between electrodynamics and Newtonian dynamics. 
This similarity was the guiding light to Maxwell 
when he started out to interpret Faraday. 

Ohm’s studies which led him to the formulation of 
his law of electrical motion were confined to the 
motion of electricity in a simple circuit consisting of 
a linear conductor in which a constant electromotive 
force sustained a constant current. The next step 
in the growth of our knowledge of the motion of 
electricity in conductors was the study of this motion 
in complex circuits of linear conductors. This step 
was made in 1848 when Kirchhoff published his 
historical essay on the motion of electricity in a net- 
work of linear conductors in which constant elec- 
tromotive forces were impressed upon the various 
branches of the network. He deduced the following 
historical formula: 


“In every closed circuit of a network of linear conductors carrying 
constant electrical currents the algebraical sum of the products of 
the currents into the respective resistances of the branches of the cir- 
cuit is equal to the algebraical sum of the electromotive forces im- 
pressed upon these branches.” 
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This formula often is called Kirchhoff’s law. ] 
prefer to call it Kirchhoff’s rule. It is a mathemati- 
cal deduction from Ohm’s law. Kirchhoff was using 
Ohm’s language; if he had employed the concepts 
and the terminology suggested by the principle ol 
conservation of energy, he probably would have 
called ‘‘the products of the currents into the re- 
spective resistances of the branches of the circuit” 
the resistance reactions of these branches; and then 
he could have stated his rule as follows: 


“In a network of linear conductors carrying constant electrical 
currents the algebraical sum of the resistance reactions in any closed 
circuit of the network is equal to the algebraical sum of the electro- 
motive actions impressed upon that circuit.” 


KIRCHHOFR’S “RULE” REVEALS ENERGY RELATIONS 


In this form Kirchhoff’s rule is not a mere algebrai- 
cal formula deduced from Ohm’s law; it reveals 
energy relations which Ohm’s law does not reveal, 
and it shows that even in a complex circuit which is 
a part of the network of linear conductors Newton's 
law of equality of action to reaction is applicable. 
It supplies an additional illustration of the similarity 
of electro-dynamics to Newtonian dynamics. 

When Kirchhoff’s rule is stated in the form just 
given then its generalization is obvious. If accord- 
ing to the generalized form of Ohm’s law, which I 
mentioned before, the motion of electricity between 
2 points on a linear conductor makes the sum of 
electrical actions equal to the sum of electrical 
reactions, then, applying this equality to every branch 
of a circuit in a network of linear conductors, the 
following energy relation easily is deduced: 


“In every circuit in a network of linear conductors the sum of elec- 
trical actions is equal to the sum of electrical reactions.” 


This relation I call Newton’s third law of motion 
of electricity in a network of linear conductors. 
To call it Kirchhoff’s law, as often is done, is cer- 
tainly misleading. When Kirchhoff published his 
rule in 1848 the energy principle was still a stranger 
among physicists. Kirchhoff was not aware of its 
existence and he could not at that time translate his 
rule into the language of this principle. Ten years 
later, however, he was much wiser, and in his epoch 
making essay of 1858 he applied correctly Newton’s 
third law to the motion of electricity in a linear con- 
ductor. In this essay on the propagation of electrical 
signals over a telegraph wire suspended high above 
the ground, he felt his way cautiously and finally 
he recognized that the sum of the inductance and 
resistance reaction in every element of the telegraph 
wire is equal to the potential difference between the 
terminals of the element. He gave expression to 
what I have called the generalized form of Ohm’s 
law. Kirchhoff did not call it the law of equality 
of action and reaction; but it was that, and it led 
him to the equation of propagation of electrical 
signals over a telegraph wire. This is the famous 
telegrapher’s equation which ever since that time 
was the guide of telephone and telegraph engineers. 
Maxwell’s equation of propagation of the electric and 
magnetic flux through free space is, and it should be, 
practically identical in form with Kirchhoff’s equa- 
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tion of propagation of telegraphic signals over a 
telegraph wire. Each one of them results from the 
actions and reactions in the tiny volume element of 
the electromagnetic field and each exhibits a propaga- 
tion of transverse waves, and both give a velocity of 
propagation that is practically the sameas the ve- 
locity of propagation of light. 

I always wondered how so brilliant a mind as that 
of the late Oliver Heaviside could fail to appreciate 
Kirchhoff’s essay of 1858. Maxwell mentioned it 
in 1865 in his communication to the Royal Society 
in which he announced his great electromagnetic 
theory. Heaviside does not seem to have seen it 
until much later, and when he saw it he did not 
hesitate to speak lightly of it. Perhaps he, at one 
time a telegraphist by profession, was somewhat 
disappointed that a German professor who knew 
very little of the telegrapher’s art anticipated him in 
the discovery of the telegrapher’s equation. : 


MAXWELL REDUCED RELATIONS IN 
ELECTROMAGNETIC FIELD TO NEWTON’S LAW 


In my Steinmetz lecture (Science, July 10, 1925) 
I pointed out how Maxwell, a faithful disciple of 
the energy doctrine, reduced the dynamical relations 
in every part of the electromagnetic field to Newton’s 
law of equality of electromagnetic actions and re- 
actions, and I said: 


“The possibility of describing electrical phenomena in terms of 
Newton’s concepts and language is one of the greatest achievements 
of Faraday and Maxwell.” 


In that lecture I laid particular stress upon the 
actions and reactions with which Maxwell’s genius 
endowed the tubes of flux in insulators and in free 
space. In my present sketch I have endeavored 
to lay particular stress upon the law of equality of 
actions and reactions which control the motions 
of electricity in conductors. Kirchhoff’s equation of 


propagation over a conducting wire is the crown 


of the theory of these motions just as Maxwell’s equa- 
tion of propagation is the crown of his dynamics of 
the electromagnetic flux. Kirchhoff’s equation pre- 
ceded Maxwell’s by a few years, but Maxwell’s equa- 
tion of propagation cannot be considered in any 
sense as an extension of that of his predecessor. The 
2 belong to 2 different worlds of electrical science, 
and Maxwell’s world was the new world which Kirch- 
hoff never entered. 

It may be of some historical interest to record here 
that Kirchhoff himself was not aware of any contacts 
between his mathematical researches in the science 
of electricity and Maxwell’s electromagnetic theory. 
The following quotation from my autobiography 
(‘From Immigrant to Inventor,” p. 233-34) throws 
some light upon this point: 

“Gustav Robert Kirchhoff, the famous discoverer, formulator, and 
interpreter of the science of spectrum analysis, and the founder of 
the theory of radiation, was at that time (the winter term of 1885- 
86 when I was student at the University of Berlin) professor of mathe- 
matical physics at the university. He was considered the leading 
mathematical physicist of Germany. His contributions to the elec- 
trical theory occupied a very high place. The most important of 
these was undoubtedly his theory of transmission of telegraphic 


signals over a thin wire conductor stretched on insulated poles, high 
above the ground. It was a magnificent mathematical analysis of 
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the problem, and it showed for the first time that theoretically the 
velocity of propagation of these signals along the wire is equal to the 
velocity of light. The university catalogue announced that he was 
to deliver a course of lectures on theoretical electricity during the 
first term of my residence at the university. I attended the course 
and waited and waited, but waited in vain to hear Kirchhoff’s inter- 
pretation of Faraday and Maxwell. At the close of the semester 
the course ended and the electromagnetic theory of Faraday and 
Maxwell was referred to on 2 pages only, out of 200; and the part so 
honored was not, even according to my opinion at that time, the 
essential part of the theory. In this respect the lectures were dis- 
appointing, but nevertheless I was most amply rewarded for my 
pains. I never heard a more elegant mathematical analysis of the 
old school electrical problems than that which Kirchhoff developed 
before his admiring classes. That was the last course which he de- 
livered; he died in the following year, and was succeeded by Helm- 
holtz as temporary lecturer on mathematical physics.” 


In 1888, Max Planck, the discoverer of the quan- 
tum theory became Kirchhoff’s successor. It was 
tragic that Kirchhoff’s life was not spared a few 


months longer so as to permit him to witness in 1888 
the triumph of his favorite pupil Hertz. 


EARLY ENGINEERS PAID SMALL HEED 
TO KIRCHHOFF’S AND MAXWELL’S ACHIEVEMENTS 


Fifty years ago when our American Institute of 
Electrical Engineers was founded the electrical theory 
was practically in the same condition in which 
Kirchhoff and Maxwell had left it nearly 30 years 
earlier; but the electrical art had advanced much 
during the 3 decades following the publication of 
their epoch making equations of propagation. The 
transatlantic cable had been laid, dynamos were 
supplying electric energy for lighting and power, and 
the telephone was gaining rapidly its well deserved 
popularity. The engineers who guided these new 
electrical arts, however, paid small attention to 
Kirchhoff’s and to Maxwell’s theoretical achieve- 
ments. I am inclined to believe that many charter 
members of our Institute knew the work of these 2 
great scientists by hearsay only. It was reserved 
for the period coinciding with the life of our Institute 
to demonstrate the full meaning of Kirchhoff’s and of 
Maxwell’s equations of propagation. 

The radio art describes more eloquently than any 
pen can do what Maxwell’s electromagnetic theory 
has done for the transmission of speech and music, 
and even of living pictures across oceans and conti- 
nents. Every schoolboy knows today that these 
messages are carried on the wings of the electrical 
waves the existence of which Maxwell’s theory had 
prophesied 70 years ago. The birth of this radio 
art is certainly the greatest event in the electrical 
engineering world that our Institute has witnessed 
during its semicentennial existence; but here I 
must leave the thrilling story of this great achieve- 
ment of electrical theory to some radio scientist whose 
pen is wiser and more skilled than mine. 


LONG DISTANCE TELEPHONIC TRANSMISSION 


I shall pass now to another art which also may be 
said to have been born during the lifetime of our 
Institute. It is the art of the long distance tele- 
phonic transmission over conducting wires. Just as 
the radio art is an offspring of Maxwell’s equation of 
propagation so the beginnings of long distance tele- 
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phonic transmission can be traced to Kirchhoff’s 
equation of propagation over conducting wires. 
We all know how difficult it was 50 years ago to oper- 
ate Bell’s beautiful invention over distances longer 
than a few miles. The difficulty seemed insur- 
mountable whenever an attempt was made to carry 
out this operation over telephone cables. The so- 
called practical engineer was helpless. Kirchhoff’s 
equation of propagation was ready to teach him, 
but he did not understand its language. There was 
one word in the vocabulary of this language that he 
refused to learn. That word was “inductance.” 

The telegraph engineer of those days had a holy 
horror of the so-called ‘“‘choak coils” in the telegraph 
line; the telephone engineer inherited that fear, and 
hence he paid small attention to the apostles of 
the inductance doctrine. The foremost among 
these apostles was the late Oliver Heaviside. The 
beneficent action of inductance was evident in 
Kirchhoffs equation of propagation, because it 
starts from the generalized form of Ohm’s law which 
says, that in every element of the telegraph wire the 
sum of the inductance and the resistance reaction is 
equal to the action of the potential difference be- 
tween the terminals of the element. This potential 
difference is the driving force that overcomes the 
conservative inductance reaction and the dissipative 
resistance reaction; hence, the greater the first in 
comparison with the second, the less energy will the 
propelled electrical wave lose in its passage over the 
transmission wire. On this point Kirchhoff’s equa- 
tion of propagation, interpreted in the light of the 
energy principle, was explicit. There was no great 
need of eloquent apostles of the inductance doctrine. 
Kirchhoff’s equation of propagation was just as 
eloquent as any of the later apostles of this doctrine; 
but there was a need of a theory that could tell the 
telephone engineer how to design a telephone con- 
ductor having a sufficiently high in- 
ductance and a sufficiently low re- 
sistance. The telephone cable waited 
anxiously for such a theory. The | 
late Oliver Heaviside, in spite of his M 
veritable flood of mathematical es- Mm 
says advocating high inductance in 
long distance telephonic transmis- 
sion, failed to furnish an equation 
of propagation over conducting wires 
which could tell the telephone en- 
gineer more than Kirchhoff had told 
him. 

It was recognized generally that 
a new electrical transmission struc- 
ture was needed and a new equation 
of wave propagation over such a 
structure. The writer of this story 
was fortunate to invent such a struc- 
ture, and to discover a mathematical 
theory of wave propagation over it 
which gave the telephone engineer a 
trusty guide in all future designs of 
telephonic transmission conductors 
having as high an average inductance 
as may be desired. This theory was 
first communicated to our Institute 
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34 years ago, and the epoch making advancement 
which it inaugurated in the telephonic art is certainly 
one of the memorable events in the life of our Institute. 
The new structure, as well known, is a telephone 
conductor with inductance coils inserted in it at 
periodically recurring points, the distance between 
them obeying a rule prescribed accurately by the 
equation of propagation over such a structure. 
This equation of propagation was born during the 
lifetime of our Institute. Those of Maxwell and 
Kirchhoff were handed down to it from the days 
when the electrical theory was still young. Our 
Institute was fortunate to witness during its semi- 
centennial existence the rise of splendid electrical 
industries which trace their origin to these 3 equa- 
tions of electrical wave propagation. 


‘“PUPINIZED’’ CONDUCTORS 


The youngest equation of electrical wave propaga- 
tion that I just mentioned is the parent of what is 
called in this country “a loaded conductor.” When 
this title was applied to it in a lecture before the 
faculty and students of the Massachusetts Institute 
of Technology, 32 years ago, Dr. Henry Pritchett, 
who was then president of this institution, objected 
to the title. It reminded him, he said, of an intoxt- 
cated trolley car conductor. The audience sup- 
ported heartily his objection, but nevertheless the 
title “loaded conductor” still persists in the TRANS- 
ACTIONS of the American Institute of Electrical 
Engineers. Scientists outside of the United States 
prefer to call this new telephonic transmission 
structure a “‘pupinized’’ conductor. The process 
of building such a structure they call ‘‘pupinization”’ 
in all civilized countries outside of the country where 
the inventor lives and where his invention has done 
more good thanin all the other countries of the earth 
put together. I am told by my 
European friends that the word 
“pupinization”’ is popular in Europe 
not only because it is a just tribute 
to the inventor, but also because it 
denotes a new theoretical achieve- 
ment in electrical science and con- 
notes a precious characteristic of the 
structure which is the offspring of 
this theory. 

The new theoretical achievement 
is the equation of propagation over 
nonuniform electrical conductors and 
the precious characteristic of such 
a conductor possessing a high average 
inductance is the toroidal inductance 
coil inserted in it at periodically re- 
curring points. Without the induc- 
tance coils having a negligibly small 
external magnetic field, the high in- 
ductance telephonic transmission 
structure described would lose most 
of its technical value. The word 
“pupinization” by connotation tells 
this story; the words “inductive 
loading” do not. 
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